Objective: The aim of this study was to investigate relationships of cord blood cells in healthy term infants both from vaginal and Cesarean sections.
Introduction
Cord blood (CB) has been shown to be an alternative source of hematopoietic stem cells for transplantation. [1] [2] [3] [4] A number of CB banks collect and store placental blood from healthy infants after uncomplicated pregnancy and delivery. 5, 6 Data from CB banks have offered an acceptable alternative for studying blood cell physiology, such as CD34 þ cells, [7] [8] [9] because it can be demanding to ethically justify blood sampling from healthy newborn infants.
The cross-sectional hematological values of CB from healthy term infants have been well characterized. 10 Recently, neonatal reference ranges were defined in a large multi-hospital system with a single type of hematology analyzer. 11 Typically, the type of cell analyzer and its principles of measurement are given in association with the results for cellular characteristics because the results are, to some extent, depending on the principles and software used in the analysis. [12] [13] [14] Some measurements are independent of each other, such as hemoglobin (Hb) concentration and cell counts other than red blood cells (RBCs) . Relationships between CB cellular characteristics other than white blood cell (WBC) subpopulations have been rarely described. In mice, after the injection of recombinant megakaryocyte growth and development factor, Hb decreased with rising platelet (PLT) count. 15 Recently, CB mean platelet volume (MPV) and PLT count have been reported to correlate with the concentrations of hematopoietic progenitors. 16 The objective of this study was to test whether an association between Hb and PLT, as well as other cellular characteristics, exists in CB. If such a physiological association existed in neonatal blood, this could facilitate the understanding of the physiological variation even in healthy newborn infants.
Materials and methods

CB collections
All CB collections and measurements were performed in a Foundation for the Accreditation of Cellular Therapy accredited CB bank (Finnish Cord Blood Bank; www.factwebsite.org). The study sample included 167 consecutive CB collections accepted for processing between September 2004 and August 2005 (Table 1) . Any abnormal clinical or laboratory data caused exclusion of the collection. Perinatal data were obtained from the hospital records as part of the CB banking program. As a part of the acceptance criteria, hemoglobinopathies and other RBC diseases were excluded by separate examination of the samples at the Central Middlesex Hospital, North West London Hospitals (London, UK) in addition to family history review. CB was collected ex utero by CB bank nursemidwives immediately after uncomplicated term delivery with a special collection bag (CB-Collect, double blood bag 300/20 ml for CB; T2950; Fresenius HemoCare, Emmer-Compascuum, the Netherlands). Collections were obtained 4 days a week in one daily shift. Elective Cesarean sections were performed during office hours, and thus, the proportion of Cesarean sections in this study does not show the general section frequency in the department.
The samples for cell enumeration were drawn from the collections within 24 h of CB collection, with the exception of one sample drawn after 45 h. The collected CB volume was 92 ml (median; range 42 to 150) but higher after Cesarean section (P<0.0001), as expected.
Newborn infants
Infants with an Apgar score of at least 7 at 5 min of age were included in the study. Relative birth weight was expressed as a standard deviation from the mean birth weight z-score, which adjusts the birth weight for gestational age and gender. 17 A Finnish reference population 18 was applied in this study, and 96% of the infants were appropriate for gestational age. Because one of the aims in CB banking is to collect CB from larger infants to obtain larger collection volumes (with associated higher nucleated cell and progenitor numbers), 19 no attempt was made to exclude macrosomic infants (N ¼ 5; relative birth weight >2 s.d.) 20 from the study sample.
Blood cell counts
A hematology analyzer (Sysmex K-1000; Sysmex, Kobe, Japan) was used to obtain electric impedance-based automated cell measurements and spectrophotometric measurements of Hb by using the sodium lauryl sulfate Hb method. The WBC count included nucleated RBCs. The results of the instrument, including the coefficients of variation and uncertainties of measurement, were within acceptable limits in validation studies. All cell concentrations were standardized to exclude the effect of a varying anticoagulant-to-blood ratio.
9
CD34 þ cell enumeration Enumeration of CD34 þ cells in collected CB was achieved with a flow cytometer (FACSCalibur; Becton Dickinson, San Jose, CA, USA) with a gating strategy based on ISHAGE guidelines, as previously described. 21 
Ethical considerations
The ethical committee of the collection site (Department of Obstetrics and Gynecology, Helsinki University Central Hospital) approved the procedures of the CB bank program. The provisions of the Declaration of Helsinki Principles and international laws were followed. The voluntary mothers of the donor infants provided written informed consent.
Statistical analysis
StatsDirect software (StatsDirect, Cheshire, UK) was used for descriptive statistics and simple linear regression analyses. The analyses were repeated after the removal of outliers (values outside mean ±3 s.d.). The Mann-Whitney U-test was used for group comparisons. Cumulative frequency plots were used to analyze the distribution of cell counts or other variables between groups. The distribution differences between the two upper or lower quartiles were analyzed by a Smirnov two-sample test as indicated in the results. Descriptive data are expressed as median (range) unless otherwise stated. A two-sided P<0.05 was considered significant.
Results
The hematological values and their distribution were within the published ranges ( Table 2 ). The correlation between CB Hb and RBC concentration, two independently measured values, was tight as expected (r ¼ 0.96; P<0.0001; y ¼ 0.0278xÀ0.0697).
MPV was associated with Hb (r ¼ 0.25, P ¼ 0.0013) and the RBC concentration, as well as hematocrit (Hct) (Figure 1 ). PLT count was inversely associated with Hb, the RBC concentration and Hct. MPV was inversely associated with mean corpuscular Hb concentration (r ¼ À0.20, P ¼ 0.0081). Furthermore, plateletcrit (MPV Â PLT count) was associated with Hb, the RBC concentration and Hct (r ¼ À0.23, À0.20 and À0.23, respectively; P<0.01 for all). MPV of the two upper quartiles was significantly lower in male infants (n ¼ 43; 9.0 fl, 8.7 to 10.5) than in female infants (n ¼ 40; 9.3 fl, 8.8 to 10.5; P ¼ 0.0288, two-sample Smirnov test after removal of one outlier in each group).
An association was also observed between WBC concentration and Hb (r ¼ 0.22, P ¼ 0.0041), the RBC concentration (r ¼ 0.24, P ¼ 0.002) and mean corpuscular Hb concentration (r ¼ À0.21, P ¼ 0.0068). In female infants, the WBC concentration (15.3 Â 10 9 per l, 10.0 to 31.3) was associated with Hct (53.5%, 43.0 to 70.8; r ¼ 0.34, P ¼ 0.0018). However, the CD34 þ cell concentration was not associated with Hb, the RBC concentration or Hct, although there was an association with PLT characteristics, as described earlier. 16 Mode of delivery CB MPV was associated with Hb after both vaginal delivery (r ¼ 0.26, P ¼ 0.0389) and Cesarean section (r ¼ 0.22, P ¼ 0.026).
MPV was similar after vaginal delivery and Cesarean section, whereas PLT count was higher after vaginal delivery compared to section (P ¼ 0.0036) ( Table 2) . Notably, the CB PLT count was inversely associated with Hct independent of the mode of delivery (vaginal delivery r ¼ À0.30, P ¼ 0.0154 and Cesarean section r ¼ À0.35, P ¼ 0.0002).
The infants born by vaginal delivery had slightly higher Hb, RBC concentration and Hct than infants born by Cesarean section (P ¼ 0.0119, 0.0031 and 0.0057, respectively; differences between Abbreviations: Hb, hemoglobin; Hct, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MPV, mean platelet volume; NS, not significant; plateletcrit, MPV Â PLT; PLT, platelet; RBC, red blood cell; RDW, red blood cell distribution width; WBC, white blood cell. a P-values of the differences between vaginal delivery and Cesarean section. The concentrations were standardized to exclude the varying effect of the anticoagulant. Cord blood platelet characteristics and hemoglobin M Eskola et al the two lower quartiles, Smirnov two-sample test; Figure 2 ). Furthermore, the CD34 þ cell concentration was significantly higher after vaginal delivery compared to Cesarean section (P ¼ 0.007), as expected.
Discussion
CB banks aim at as high a nucleated cell count as possible in the CB units processed and stored for hematopoietic stem cell transplantation. The data presented in this study originate from a CB bank where the CB collections were performed ex utero immediately after delivery in a specially equipped laboratory within the obstetric department. 5 Cord clamping and other perinatal practices were performed according to hospital guidelines. All cell concentrations were standardized to exclude the varying anticoagulant-to-blood ratio inherent to CB banking. 9 Cell counting was performed in the quality control unit of the national blood service with the exception of the CD34 þ cell counts analyzed in the CB bank.
The neonatal (placental) blood cell counts are speculated to reflect the general hematopoietic activity. In an earlier study concerning the same samples from healthy term infants as this study, 16 CB MPV and PLT count were associated with markers of hematopoietic progenitor potential (CD34 þ cells and colonyforming cells). Further significant associations included those between MPV or PLT count and Hb in this study.
Several limitations of this study may cause concerns. First, the number of analyzed CB collections is relatively small. Nevertheless, the results await confirmation from larger CB banks or maternity units. Second, the CB was collected in citrate anticoagulant and the samples were stored up to 24 h (except one for 45 h) before testing. Acceptable stability of the analytes was expected because the collections were stored at a controlled temperature and differential counting of leukocytes was not addressed in this study. 14, 22 Third, the analyses were performed to obtain cell counts to select high-quality collections for processing and thus, a relatively simple hematology analyzer was applied. More advanced instrumentation may yield additional information on the observed relationships between, for example, nucleated RBCs and other cell counts. 23 Fourth, the authors are aware of the fact that not all of the measurements were performed with independent methods. Although some bias could have been introduced on the basis of cell counting, the measurements of Hb and MPV or PLT count were by independent methods and, therefore their associations remain valid. In a population-wide study from the same hospital as this study, PLT counts in CB from healthy term infants were similar to those in this study. 24 Also, this study confirmed that the CB PLT count is higher after vaginal delivery than after Cesarean section. 25 Recently, PLT count and MPV reference ranges for the first 3 days of life were reported for neonates in a large, multi-hospital study. 26 The association of MPV and PLT count with Hb and RBC concentration of CB collections from healthy term infants is interesting. Animal studies have shown that the hematopoietic activity is strictly regulated genetically. 27 Ulich et al. 15 reported hypermegakaryocytosis and erythropenia in adult bone marrow and thrombocytosis with concurrent low Hb after stimulation with recombinant megakaryocyte growth and development factor. In conclusion, the associations between CB MPV and PLT count and Hb observed in this study are underscored or novel, albeit predictable by earlier experimental evidence. Notably, the associations were observed in a population of healthy term infants. Recognition of the associations may improve the understanding of the physiological variation even in healthy term infants.
